In this study, the optical properties of a TiO 2 photocatalyst were enhanced with various impregnations of Er 3+ and Ni 2+ separately, using the impregnation method as photocatalysts for the direct solar photolysis degradation of chloroxylenol. The synthesized Er 3+ /TiO 2 and Ni 2+ /TiO 2 catalysts were characterized using X-ray diffraction (XRD), field emission scanning electron microscopy (FESEM), energy dispersive X-ray (EDX), metal mapping, and ultraviolet visible (UV-Vis) spectroscopy. The results showed that the Er 3+ /TiO 2 and Ni 2+ /TiO 2 nano-particles have the same structures of TiO 2 nano-particles with little difference in particle size. The Er 3+ and Ni 2+ ions were well-distributed on the TiO 2 surface, and it was found that the maximum band gap decreased from 3.13 eV for intrinsic TiO 2 to 2.63 eV at 1.8 wt % Er 3+ /TiO 2 and to 2.47 eV at 0.6 wt % for Ni 2+ /TiO 2 . The initial concentration of chloroxylenol, catalyst loading, and pH of the solution are the most important factors affecting the solar photocatalytic degradation efficiency that were optimized using Design Expert software (version 6.0.10, Minneapolis, MN, USA, 2003). The results showed that the optimal conditions for chloroxylenol degradation include a pH of 4, TiO 2 loading at 3 g/L, and a chloroxylenol concentration of 50 mg/L. These conditions resulted in a degradation efficiency of 90.40% after 60 min of direct solar irradiation, wherein the solar energy recorded during a clear sunny day is 1000 W/m 2 . However, some experiments were conducted on a semi-cloudy day to cover all weather stated and to study the degradation kinetics. During semi-cloudy day experiments, using Er 3+ /TiO 2 and Ni 2+ /TiO 2 with a solar irradiation activity of 600 W/m 2 for a 60 min exposure at optimal conditions increased the degradation efficiency from 68.28% for intrinsic TiO 2 to 82.38% for Er 3+ /TiO 2 and 80.70% for Ni 2+ /TiO 2 .
Introduction
One of the most pervasive problems that people face today is the effluent of toxic compounds in water sources. One of these compounds is chloroxylenol (4-chloro-3,5-dimethylphenol), which is widely used as an antibacterial agent. It is a phenolic derivative used in many product formulations for use as an antiseptic and disinfectant [1] . Chloroxylenol has unique antiseptic properties and is a very effective antimicrobial agent against many germs that cause infections since it disrupts the proton gradient of the cell membrane necessary for the bacteria to produce adenosine triphosphate (ATP). The ATP deficiency results in cell death due to starvation [2] . Chloroxylenol also oxidizes the structure of the cell and impedes the nutrients from passing through the cell wall, causing a loss of normal enzyme Tables 1 and 2 show the values of the intensity for each of the peaks. Diffraction spectra of the Er 3+ /TiO2 and Ni 2+ /TiO2 NPs samples did not indicate the presence of Er or Ni. This result can most likely be attributed to the favorable dispersion of Er 3+ and Ni 2+ in the TiO2 structural lattice [31] . Tables 1 and 2 show the values of the intensity for each of the peaks. Diffraction spectra of the Er 3+ /TiO2 and Ni 2+ /TiO2 NPs samples did not indicate the presence of Er or Ni. This result can most likely be attributed to the favorable dispersion of Er 3+ and Ni 2+ in the TiO2 structural lattice [31] . Tables 1 and 2 show the values of the intensity for each of the peaks. Diffraction spectra of the Er 3+ /TiO 2 and Ni 2+ /TiO 2 NPs samples did not indicate the presence of Er or Ni. This result can most likely be attributed to the favorable dispersion of Er 3+ and Ni 2+ in the TiO 2 structural lattice [31] . The catalyst crystallite size D was determined according to Debye-Scherer equation (Equation (1)):
where K is the Scherer constant (K = 0.89), λ is the incident X-ray wavelength, β is the peak width at half maximum, and θ is the Bragg diffraction angle. The data of the catalyst crystallite size is presented in Table 3 for TiO 2 with several wt % of Er 3+ and Ni 2+ . It is observable that there is a small increase in particle size as impregnation increases for Er 3+ /TiO 2 and Ni 2+ /TiO 2 samples. The morphologies of the Er 3+ /TiO 2 and Ni 2+ /TiO 2 NPs were investigated using field emission scanning electron microscopy (FESEM), energy dispersive X-ray (EDX), and metal mapping. The FESEM images are shown in Figure 3 . The images revealed that the shape of the particles are mostly spherical, and less agglomeration was observed in the Er 3+ /TiO 2 sample than the Ni 2+ /TiO 2 sample.
EDX analysis was conducted on the Er 3+ /TiO 2 and Ni 2+ /TiO 2 samples to investigate the presence of Er and Ni on the TiO 2 surface. The results of the EDX spectra are shown in Figure 4 and show that the Er and Ni are present in each of their respective samples. Additionally, the EDX spectral data provided the wt % of the Er and Ni content in the samples, and the results are summarized in Table 4 . These results indicate that there is good agreement between the calculated and actual content of Er and Ni. Metal mapping tests were conducted to investigate the dispersion of Er and Ni on the TiO 2 surface. The results are shown in Figure 5 and reveal a good distribution of Er and Ni on the TiO 2 NPs in each of the prepared samples. The absorbance spectra for all the prepared samples (0.6, 1.2, 1.8, and 2.4 wt %) and (0.2, 0.4, 0.6, and 0.8 wt %) of Er 3+ /TiO 2 and Ni 2+ /TiO 2 , respectively, were recorded at room temperature and are shown in Figure 6 . The maximum absorption was observed at 320 nm. The direct band gap (E g ) values of TiO 2 , Er 3+ /TiO 2 and Ni 2+ /TiO 2 NPs were determined using the following direct transition equation (Equation (2)):
( 2) where (α) is the optical absorption coefficient, h is Planck's constant, v is the frequency (hv = 1240/wavelength), E g is the direct band gap, and E d is a constant [32] . By plotting (αhv) 2 as a function of the photon energy (hv) and extrapolating the linear portion of the curve to a value of zero, band gap (E g ) was calculated and is shown in Figure 7 . The obtained values of the band gap (E g ) of TiO 2 with several wt % of Er 3+ and Ni 2+ are listed in 
Absorbance and Band Gap of TiO2, Er 3+ /TiO2 and Ni 2+ /TiO2 NPs
The absorbance spectra for all the prepared samples (0.6, 1.2, 1.8, and 2.4 wt %) and (0.2, 0.4, 0.6, and 0.8 wt %) of Er 3+ /TiO2 and Ni 2+ /TiO2, respectively, were recorded at room temperature and are shown in Figure 6 . The maximum absorption was observed at 320 nm. The direct band gap (Eg) values of TiO2, Er 3+ /TiO2 and Ni 2+ /TiO2 NPs were determined using the following direct transition equation (Equation (2)):
where (α) is the optical absorption coefficient, h is Planck's constant, v is the frequency (hv = 1240/wavelength), Eg is the direct band gap, and Ed is a constant [32] . By plotting (αhv) 2 as a function of the photon energy (hv) and extrapolating the linear portion of the curve to a value of zero, band gap (Eg) was calculated and is shown in Figure 7 . The obtained values of the band gap (Eg) of TiO2 with several wt % of Er 3+ and Ni 2+ are listed in 
Experimental Design

Response of Solar Photocatalytic Degradation Experiments and Modeling
All experiments were conducted according to the Taguchi OA plan shown in Table 6 under constant direct solar radiation on a clear sunny day. All samples were exposed to solar radiation for a period of 60 min. The degradation efficiency (DE%) was calculated using Equation (1) . The results of the DE% for all experiments are listed in Table 6 . The results of the predicted values of the DE% generated by the model created by Design Expert software are in agreement with the experimental results presented in Table 6 . 
Experimental Design
Response of Solar Photocatalytic Degradation Experiments and Modeling
All experiments were conducted according to the Taguchi OA plan shown in Table 6 under constant direct solar radiation on a clear sunny day. All samples were exposed to solar radiation for a period of 60 min. The degradation efficiency (DE%) was calculated using Equation (1) . The results of the DE% for all experiments are listed in Table 6 . The results of the predicted values of the DE% generated by the model created by Design Expert software are in agreement with the experimental results presented in Table 6 . After the experimental results of the DE% analysis were obtained, the predicted model of the process was fit with a linear regression, and several factors were determined to have a significant effect on the estimated final model. The linear model of the process and the factors affecting the results and respective coefficients are shown in Equation (3) (3) where DE% represents the degradation efficiency determined by UV-Vis spectroscopy; A, B, and C are the catalyst loading, pH, and initial concentration, respectively.
Analysis of Variance (ANOVA)
The ANOVA results are summarized in Table 7 . It is clear that the model is significant with a 95% confidence interval since the p-value was 0.0371, which is less than 0.05. The analysis revealed that the most significant factor is the initial concentration of the chloroxylenol. The R 2 and R 2 adj values, which were 0.9875 and 0.9499, respectively, show that a sufficient model was created to explain the optimization conditions for the degradation process. The adequacy precision was 11.87, which is larger than 4, indicating that the model is adequate. The diagnostic plots of the optimization process are shown in Figure 8 . The experimental data shows a good fit with the graphical line, confirming that the model provides a good assumption based on the ANOVA results as shown by the normal probability versus the Studentized residual plots in Figure 8a . The random scattering of the experimental points compared to the funnel-shaped pattern that was obtained indicates that the DE% response had an original observation of variance with no problem between the response and the factors, as shown in Figure 8b [33] . Figure 8c shows a good distribution of the experimental points; none were located out of the indicated range. The actual value of the DE% with the predicted value of the model was evaluated by the value of R 2 and R 2 adj , as plotted in Figure 8d . All of the points in the figure are close to the line, indicating the capability of the model to predict the optimum conditions for the degradation process. The Studentized residuals for the experimental runs are shown in Figure 8e , which indicates that the model has values less than ±3.5 for the Studentized residuals, providing a good fit of the model to the response. actual value of the DE% with the predicted value of the model was evaluated by the value of R and 2 adj R , as plotted in Figure 8d . All of the points in the figure are close to the line, indicating the capability of the model to predict the optimum conditions for the degradation process. The Studentized residuals for the experimental runs are shown in Figure 8e , which indicates that the model has values less than ±3.5 for the Studentized residuals, providing a good fit of the model to the response. 
Optimal Conditions for Maximum DE% and Model Validation
To obtain the optimal conditions of the maximum degradation efficiency, the data shown in Table 6 was optimized numerically using Design Expert software for DE% (larger is better) for the ranges of all factors. The optimal conditions were found to be 3 g/L of Catalyst Loading, pH at 4 and 50 mg/L of chloroxylenol Concentration which the highest DE% of 90.40.
To validate the model shown in Equation (3) created by the software and the optimal conditions for the maximum DE%, three experimental runs were conducted under the optimal conditions listed in Table 8 . The results of these experimental runs are shown in Table 8 . The average DE% according to the experimental data shown in Table 8 is 88.48%, which is only a 1.92% difference from that of the value predicted by the model (90.40%) and, thus, supports the model validity.
Kinetics of the Photocatalytic Degradation of Chloroxylenol Using TiO 2 NPs
The experimental results of the photocatalytic degradation of chloroxylenol are shown in Figure 9 . The reported results of the photocatalytic degradation of chloroxylenol show that the degradation rates of the photocatalytic oxidation using TiO 2 NPs could be fit with the first-order kinetic model [19] . Figure 10 shows the plot of ln(C 0 /C) vs. the irradiation time for the degradation of chloroxylenol. The linearity of the plot suggests that the photodegradation reaction approximately follows the pseudo-first order kinetics with K = 0.0287 min −1 . Table 6 Table 8 . The results of these experimental runs are shown in Table 8 . The average DE% according to the experimental data shown in Table 8 is 88.48%, which is only a 1.92% difference from that of the value predicted by the model (90.40%) and, thus, supports the model validity.
Kinetics of the Photocatalytic Degradation of Chloroxylenol Using TiO2 NPs
The experimental results of the photocatalytic degradation of chloroxylenol are shown in Figure 9 . The reported results of the photocatalytic degradation of chloroxylenol show that the degradation rates of the photocatalytic oxidation using TiO2 NPs could be fit with the first-order kinetic model [19] . Figure 10 shows the plot of ln(C0/C) vs. the irradiation time for the degradation of chloroxylenol. The linearity of the plot suggests that the photodegradation reaction approximately follows the pseudofirst order kinetics with K = 0.0287 min −1 . To investigate the effects of the impregnation of TiO 2 NPs with Er 3+ and Ni 2+ on the DE%, experiments were performed using the optimal conditions shown in Table 8 on a semi-cloudy day (solar radiation 600 W/m 2 ) with a constant reaction time of 60 min using different wt % of Er 3+ /iO 2 and Ni 2+ /TiO 2 NPs. The results for the DE% using Er 3+ /TiO 2 and Ni 2+ /TiO 2 NPs are shown in Figures 11 and 12 , respectively. Figure 11 shows the maximum DE% of 82.38% obtained at a 1.8 wt % of Er 3+ /TiO 2 provides a 14.10% increase compared with that of the intrinsic TiO 2 NPs at 68.28%. The maximum DE% of 80.70% obtained at a 0.6 wt % of Ni 2+ /TiO 2 showed an increase of 12.42% compared with that intrinsic TiO 2 NPs, as shown in Figure 12 . Figure 10 . Plot of the pseudo-first order rate constant of photocatalytic degradation of chloroxylenol using TiO2 NPs under optimal conditions. Application of Er 3+ /TiO2 and Ni 2+ /TiO2 NPs in the Photocatalytic Degradation of Chloroxylenol To investigate the effects of the impregnation of TiO2 NPs with Er 3+ and Ni 2+ on the DE%, experiments were performed using the optimal conditions shown in Table 8 on a semi-cloudy day (solar radiation 600 W/m 2 ) with a constant reaction time of 60 min using different wt % of Er 3+ /iO2 and Ni 2+ /TiO2 NPs. The results for the DE% using Er 3+ /TiO2 and Ni 2+ /TiO2 NPs are shown in Figures  11 and 12 , respectively. Figure 11 shows the maximum DE% of 82.38% obtained at a 1.8 wt % of Er 3+ /TiO2 provides a 14.10% increase compared with that of the intrinsic TiO2 NPs at 68.28%. The maximum DE% of 80.70% obtained at a 0.6 wt % of Ni 2+ /TiO2 showed an increase of 12.42% compared with that intrinsic TiO2 NPs, as shown in Figure 12 . In general, the DE% increased with the increasing concentration of both Er 3+ and Ni 2+ relative to the intrinsic TiO2. The DE% increased up to an optimal concentration for both Er 3+ and Ni 2+ over intrinsic TiO2 at 1.8 and 0.60 wt %, respectively. This result is attributed to the decrease in the band gap because of the shifting absorbance to the visible region. The band gaps of Er 3+ and Ni 2+ , compared with intrinsic TiO2, at 1.8 and 0.60 wt % were found to be 2.63 and 2.47 eV, respectively. These results were compared to intrinsic TiO2 at 3.13 eV in Table 5 . This shifting is attributed to the incorporation of Er 3+ and Ni 2+ into the surface of the TiO2 nanoparticles [34] . After the optimal doping concentrations of Er 3+ and Ni 2+ for TiO2, a decrease in the DE% was observed, which is attributed to the excess Er 3+ and Ni 2+ ions working as a recombination center within the degradation process [35] . However, the electron-hole recombination is faster in the presence of Er 3+ and Ni 2+ ions due to the unstable Er 4+ and Ni 3+ ions that can easily transfer electrons to the oxygen molecules [36] . In general, the DE% increased with the increasing concentration of both Er 3+ and Ni 2+ relative to the intrinsic TiO 2 . The DE% increased up to an optimal concentration for both Er 3+ and Ni 2+ over intrinsic TiO 2 at 1.8 and 0.60 wt %, respectively. This result is attributed to the decrease in the band gap because of the shifting absorbance to the visible region. The band gaps of Er 3+ and Ni 2+ , compared with intrinsic TiO 2 , at 1.8 and 0.60 wt % were found to be 2.63 and 2.47 eV, respectively. These results were compared to intrinsic TiO 2 at 3.13 eV in Table 5 . This shifting is attributed to the incorporation of Er 3+ and Ni 2+ into the surface of the TiO 2 nanoparticles [34] . After the optimal doping concentrations of Er 3+ and Ni 2+ for TiO 2 , a decrease in the DE% was observed, which is attributed to the excess Er 3+ and Ni 2+ ions working as a recombination center within the degradation process [35] . However, the electron-hole recombination is faster in the presence of Er 3+ and Ni 2+ ions due to the unstable Er 4+ and Ni 3+ ions that can easily transfer electrons to the oxygen molecules [36] .
Materials and Methods
Materials
All chemicals were purchased from Sigma Aldrich (St. Louis, MO, USA), including erbium (III) acetylacetonate hydrate, CAS grade, 97% purity; nickel (II) acetate tetrahydrate, 98% purity; 99.5% titanium oxide nano-powder (P25) with a diameter of 21 nm using transmission electron microscope TEM, (Philips, Eindhoven, The Netherlands); and chloroxylenol, 98% purity. All chemicals were used without further purification. Deionized water was used for the preparation of the chloroxylenol standard solution, as well as for dilutions.
Preparation of Er 3+ /TiO 2 and Ni 2+ /TiO 2 NPs
To impregnate the TiO 2 NPs with Er 3+ and Ni 2+ ions in different wt % of Er/TiO 2 (0.6, 1.2, 1.8, and 2.4 wt %) and Ni/TiO 2 (0.2, 0.4, 0.6, and 0.8 wt %), an 80-mL glass beaker was used. In total, 3 g TiO 2 powder was placed in the beaker. Particular amounts (60, 120, 180, and 240 mg) of erbium (III) acetylacetonate hydrate or nickel (II) acetate tetrahydrate were dissolved in 10 mL of deionized water and sonicated for 10 min. These solutions were then added to the TiO 2 powder dropwise under well-mixing conditions with a glass rod. The mixture was then stirred at 1300 rpm for 2 h, and the mixture was dried overnight at 80 • C, then calcined at 500 • C for 2 h.
Characterization of Er 3+ /TiO 2 and Ni 2+ /TiO 2 NPs
The crystallite size and phase composition of the Er 3+ /TiO 2 and Ni 2+ /TiO 2 NPs samples were determined using X-ray diffractometer (XRD) model D8 Advance Bruker AXS X-ray (Bruker, Karlsruhe, Germany) with Cu Kα radiation (1.5406 Å) in a 2θ scan range of 20 • -80 • .The morphology of the Er 3+ /TiO 2 and Ni 2+ /TiO 2 NPs was investigated using a field emission scanning electron microscope, model SUPRA 55 VP (Carl Zesis AG, Munich, Germany), under high resolution, supplied with the energy dispersive X-ray analysis (EDX) system and metal mapping model OXFORD INCA Penta FETx3 (Carl Zesis AG). The zeta potential of the Er 3+ /TiO 2 and Ni 2+ /TiO 2 NPs was measured using a Malvern Zeta sizer, model Nano-ZS (Malvern instruments Inc. Worcestershire, UK). A Perkin Elmer (lambda35) UV-Vis spectrophotometer (Perkin Elmer, Waltham, MA, USA) equipped with an integrating sphere was used to record the UV-Vis absorption spectra of the Er 3+ /TiO 2 and Ni 2+ /TiO 2 NPs. The spectra were recorded at room temperature with a wavelength range of 200-1100 nm.
Design of Experiment Using Taguchi Orthogonal Array L9 (3 4 )
The purpose of using the Taguchi Orthogonal Array design of experiment is to determine the optimum process conditions to obtain the maximum degradation efficiency (DE%) of chloroxylenol with the minimum number of experiments. In this study, Design Expert software version 6.0.10 was used. Three factors affecting the degradation efficiency of the chloroxylenol were investigated at three levels, as shown in Table 9 . 
